Background Pulmonary arterial hypertension (PAH) is a potentially serious cause of dyspnea and exercise limitation in patients with HIV infection. In this trial, we propose using exercise MRI in conjunction with cardiopulmonary testing to delineate PAH from other causes of cardiovascular dysfunction, identify individuals with exercise-induced PAH who are at high risk of developing resting PAH, and provide longitudinal estimates of progression of PAH and right ventricular function.
Methods In this prospective observational study, HIV patients with dyspnea and exercise limitation in the absence of identifiable causes and those who meet the inclusion criteria will be enrolled based on resting pulmonary artery pressure (< -or >40 mmHg) on a screening echocardiogram and exercise limitation on the Modified Medical Research Council dyspnea scale. Patients without evidence of resting PAH will be enrolled into both rest and exercise MRI and cardiopulmonary testing protocol, whereas patients with evidence of PAH on resting echocardiograms will undergo only resting cardiac MRI studies to evaluate right ventricular function and fibrosis. Both patient subgroups will be followed for 24 months to obtain longitudinal progression of the disease. In a substudy, we will further analyze inflammatory variables that may predict these changes, thus allowing early identification of these patients.
Implications and conclusions This trial will be the first study to provide an understanding of the mechanisms underpinning the functional deterioration of the right ventricle in patients with HIV and will impart insight into the immune mediators of PAH progression and right ventricular functional deterioration in patients with HIV-PAH.
Introduction
The advent of antiretroviral therapy (ART) has markedly improved survival rates in patients with HIV infection, converting HIV from a fatal disease to a chronic condition 1,2 ; indeed, long-term cardiopulmonary complications have emerged as the primary source of morbidity and mortality. [3] [4] [5] Pulmonary artery hypertension (PAH) is one such condition and presents with nonspecific symptoms of dyspnea and exercise intolerance. 6 The diagnosis of PAH in HIV portends a poor prognosis, with the median survival being only 12 months. [7] [8] [9] In most cases of HIV-PAH, death is a consequence of PAH rather than complications of HIV itself. 10 PAH therapies are most effective in the early stages, before the onset of right heart failure (RHF). Thus, recognition of subclinical right ventricular dysfunction and PAH in HIV patients may have major implications for prognosis, insofar as prompt initiation of PAH-specific therapy could potentially improve outcomes. However, the nonspecificity of symptoms in PAH such as dyspnea makes the early diagnosis of PAH a challenge, as it may mimic multiple disorders, and a variety of mechanisms may contribute to dyspnea and exercise limitation in HIV (Fig. 1 ).
American College of Cardiology/American Heart Association consensus guidelines for PAH acknowledge that the relevance and impact of exercise hemodynamic studies in symptomatic patients with risk factors for PAH and normal resting pulmonary artery pressures warrant further investigation. 9 It has been hypothesized that exercise-induced PAH (Ex-PAH) may represent an intermediate phase in the PAH spectrum that may predict future development of resting PAH. [13] [14] [15] [16] [17] Cardiac MRI (CMR) is currently a preferred imaging modality to assess patients with PAH, 18, 19 due to its high accuracy, safety, easy reproducibility, low observer variability, and ability to provide structural and functional data. [20] [21] [22] This single-center prospective study will study patients with both resting PAH, and also those with no evidence of PAH at rest by echocardiogram, but who present with symptoms of dyspnea and exercise limitation, and study longitudinal progression in both groups. As there is also evidence to suggest a role of immune response in vascular disorders, 6 ,23-26 we will also examine the link between PAH progression and markers of immune activation. The overarching hypothesis of this study is that the delineation of exercise PAH in patients with normal resting right ventricular function and pulmonary pressures may identify a patient population at risk for progression, and potentially allow appropriate intervention at an early stage of this disease.
Methods
This is a prospective observational study that will enroll patients with HIV and dyspnea rate 1-3 on the Modified Medical Research Council (MMRC) dyspnea scale having no other identifiable cause. 27 The inclusion/exclusion criteria for the study are detailed as follows: . Two sets of patients will be recruited: those with dyspnea and no evidence of PAH at rest, and patients with previously known PAH attributable to HIV. Patients who do not have resting PAH will be enrolled into the exercise MRI (ExMR) and cardiopulmonary testing (CPT) testing protocols, whereas patients with established or newly diagnosed resting PAH will not undergo exercise testing, but will only undergo baseline and repeat CMR at 12 and 24 months to longitudinally assess serial changes in right ventricular function. Individuals with newly diagnosed PAH will undergo clinically driven right heart catheterization to confirm this diagnosis (study flow outline in Fig. 1 ). Both groups of patients will also undergo muscle strength testing at baseline, which includes handgrip and knee extensor strength, and muscle girth measurements.
Exercise cardiac MRI protocol with cardiopulmonary testing The combination of ExMR and CPT may provide vital cardiopulmonary information, including an accurate assessment of function and exercise capacity. In order to utilize ExMR in combination with CPT, modification of conventional exercise stress testing equipment to ensure magnetic resonance (MR) compatibility is required. The MR-compatible treadmill is placed immediately adjacent to the CMR system and is previously been utilized in single-center studies and multisite investigations ( Fig. 2 ). We will utilize a CMR-compatible gas exchange system to measure ventilator effort and gas exchange during a maximal effort stress test, performed immediately adjacent to the MRI system as described previously by our group. 28 Using standard corrugated plastic tubes, the gas analyzer and metabolic cart will be positioned immediately outside the CMR room for safety to avoid any electronic interference that may corrupt the CMR images and to reduce any impact that a strong magnetic field may have on the gas analyzer. Oxygen consumption (VO 2 ), carbon dioxide production (VCO 2 ), minute ventilation, fractional concentrations of oxygen and carbon dioxide, and respiratory rate will be measured during exercise. Ventilatory efficiency slope (VE/VCO 2 ) will be calculated from metabolic data. Breath-by-breath oxygen utilization, carbon dioxide production, and minute ventilation values will be averaged at rolling 10-s intervals. VO 2max will be recorded as the average of the last two VO 2 values during exercise. A 1.5-T scanner (Siemens, Espree) with a 32-channel phased array coil will be used for CMR. Patients will abstain from ingesting caffeine for 12 h and/or eating within 3 h prior to ExMR. In the MRI room, volunteers will be positioned on the gantry using individualized molds created from deflatable cushions that allow easy return to the same position postexercise. Resting cine images consisting of five short-axis and four longaxis slices will be performed using a nontriggered realtime steady-state free precession (SSFP) acquisition using a radial scheme for k-space acquisition using the following parameters: repetition time 29,30 A real-time, through-plane velocity encoding sequence based on gradient-echo echo-planar imaging (GRE-EPI) with shared velocity encoding (SVE) reconstruction will be implemented. 31 An echo train length of 7 and linear k-space acquisition order, aT E of 5 ms and a T R of 10 ms will be used to assess velocities across the main pulmonary artery. Four shots per image were used to collect a total of 28 k-space lines resulting in an acquisition time of 40 ms for each full k-space dataset. Parallel imaging technique TGRAPPA with acceleration rate 2-3 will be used to reconstruct 84 lines per image. Other imaging parameters: 2405 Hz/pixel readout bandwidth, 84 Â 128 pixel reconstructed matrix, 10 mm slice, 268 Â 350 mm rectangular FoV (3.2 Â 2.7 mm pixels). A 258 rapid water-excitation pulse will be used to suppress fat, and Maxwell correction used to account for the effect of concomitant gradients on the phase maps. Three orthogonal slices across the pulmonary artery will be prescribed with the highest velocity vector within these slices and the time velocity integral calculated. The latter will be taken to represent mean pulmonary artery velocity.
After obtaining a resting MR exam, the patient will be placed on the MR-compatible treadmill and connected to MR-compatible EKG leads. Patients will be stressed using an exercise protocol appropriately chosen by the performing exercise physiologist and in accordance with institutional review board protocols. Exercise protocols will be chosen to account for the hydraulic treadmill requiring a starting treadmill angle of at least 2% and starting speed of 1.5 mph to function appropriately. 32 Exercise time will be measured from the beginning of the protocol until voluntary exhaustion or safety criteria for termination are reached including: symptoms at maximal exercise including chest pain, dizziness or fainting, a decrease in systolic blood pressure below the resting pressure or severe hypertension, significant oxygen desaturation, ischemic ECG changes, significant tachyarrhythmia's, second or third degree heart block. Immediately after peak exercise, the patient will be immediately returned to the scanner isocenter based on prestress positioning. Nonbreath-held real-time cine imaging will be performed using a protocol identical to that described at rest and with assessment of pulmonary artery velocities using phase contrast imaging. At the completion of imaging, the patient will be brought out of the scanner and allowed to recover with close monitoring of EKG and blood pressure. Gadobenate Meglumine (Multihance, 0.15 mmol/kg) will be injected, and after a delay of 10 min, placed back in scanner with inversion time estimated followed by a segmented inversion recovery sequence as described for late gadolinium enhancement (LGE). During follow-up visits, echocardiography will be obtained at 12 and 24 months to allow comparison of CMR volumes and velocities (see below) with a historic gold standard.
Analysis of cardiac MRI
Using validated software (Argus, Siemens, Erlangen, Germany) myocardial volumetric measurements at rest and stress will be obtained by manually tracing the enddiastolic and end-systolic myocardial boundary for all short-axis slices. Papillary muscles will be excluded as described by us previously. 33 Contours of the main pulmonary artery will be traced in each reconstructed phase-contrast MR image in all three slices, and average pulmonary artery velocity was calculated by integrating over time, the values of pixel velocity within the traced region of interest. For measurement of LGE and fibrosis of the right ventricle, we have made significant improvements in spatial resolution required for imaging LGE in the right ventricle, and will employ a three-dimensional (3D) single breath-hold sequence at high spatial resolution. LGE will be quantified using a signal intensity threshold of morethan 2 SD above a remote reference region and also using regions defined as above 50% of maximal signal intensity of the enhanced area [fullwidth at half maximum (FWHM)] using previously validated methods. 34, 35 We will also divide the right ventricle into seven segments as described by BabuNarayan et al. 36 on fibrosis for descriptive purposes. The magnitude of right ventricular enhancement will be expressed in mm 2 .
Differentiation of dyspnea causes and identification of exercise pulmonary arterial hypertension
We will employ a previously described and clinically accepted approach, based on previous descriptions using invasive exercise hemodynamics, modified for MR purposes (illustrated in Fig. 3 ) to assign and differentiate the diagnoses of skeletal myopathy, heart failure with preserved ejection fraction (HFPEF), and HIV Ex-PAH. 37 Based on this approach, patients who are found to have 39 Evaluation of progression of right ventricular dysfunction and exercise-induced right ventricular contractile reserve This will be defined as a decrease of at least 5% in right ventricular ejection fraction (RVEF); this value has been shown to be clinically relevant among a variety of patients. 40 Similarly, a change of 10% or more in right ventricular end-diastolic volume (RVEDV) has been shown to clinically correlate with change in functional outcomes, as shown by us previously in a clinical trial in patients with end-stage renal disease at risk for heart failure. 33, 41 On the basis of our preliminary data and published literature, we will define a normal right ventricular contractile reserve as at least 10%. 42 Responses less than 5% will be categorized as abnormal, whereas increase in 5-10% will be categorized as flat. Longitudinal changes (D) in the magnitude of these primary endpoints including DRVEF (contractile function), and also VO 2max will be determined and compared across different time-points within a study participant and between study participants using paired t test.
Overall data analysis Demographical, clinical, and laboratory characteristics between groups will be compared using t test (for comparing means), Wilcoxon test (for comparing medians), and chisquare test (for comparing binary and ordinal variables). As a primary goal, we will use CMR information in conjunction with CPT study information in HIV patients to assess the prevalence of Ex-PAH and to identify subsets of PAH at risk (e.g. those with alteration in right ventricular function) and finally to differentiate PAH from other prevalent causes of dyspnea in this patient population. Use of right ventricular contractile function, mPAP measurements, and cardiopulmonary indices (VO 2max and VE/VCO 2 ) by ExMR will allow separation of patients with exercise limitation and importantly identify and follow a subset of Ex-PAH patients. CD4 and viral load will also be measured to assess viral load suppression and immune restoration. The distribution of HIV plasma viral load and CD4þ lymphocyte count will be examined for normality using KolmogorovSmirnov one-sample test with non-normal variables. We will also measure various immune parameters to correlate with CMR parameters to understand the immune dysregulation in PAH (see below).
To investigate the longitudinal change in right ventricular function and volumes, we will study the progression of right ventricular function and volume (as defined above) at the end of 12 and 24 months in patients with Ex-PAH. We will also model these progression outcomes using generalized estimating equation (GEE) approach, which takes into account the correlation between repeated measurements, and will also be used to model changes in our end-points. 43, 44 To allow for directionality in DRVEF between individuals, we will include parameters for random slope and random intercept. We will also determine the association between progression of right ventricular indices and VO 2max defined above, and immune activation and immune exhaustion markers as mentioned above. At the bivariate analysis level, association between these markers and changes in RVEF and VO 2max at 12 and 24 months from baseline will be tested 
HIV-ExLT
Approach to distinguishing PAH from other causes of dyspnea that may be highly prevalent in HIV-exercise limitation (HIV-ExLT). Abnormal exercise DRVEF will be defined as less than 5% improvement in RVEF with exercise. PAH, pulmonary artery hypertension; RVEF, right ventricular ejection fraction.
by chi-square test for categorical variables and by t test or Mann-Whitney U test for continuous variables.
In patients with resting PAH, we will focus on assessing longitudinal changes in DRVEF and DRVEDV, and also DRV-LGE (progression of fibrosis) at baseline, and 12 and 24 months (Fig. 4) . Pearson's correlation method will be used to evaluate these longitudinal changes. Differences and changes in hemodynamic parameters between study participants with prevalent and newly diagnosed PAH will be compared using unpaired and paired t test, respectively. We shall also perform a cross-sectional analysis, to compare baseline immune activation markers and plasma viral antigens (vpr, nef) between patients with HIV Ex-PAH and patients with established PAH.
Power and sample size calculation Based on our experience, we estimate approximately a 10% screen failure due to claustrophobia and stage IV chronic kidney disease [estimated GFR (eGFR) <30].
Based on a true prevalence of abnormal ExMR of 39.0% [95% confidence interval (CI) 34-45%], our sample size of N ¼ 320 will have at a maximum of AE8% level of precision, even assuming a prevalence estimate at the lower boundary of the CI. We determined power for 125 study participants to account for 20% attrition rate. For RVEF and RVEDV change, assuming a s ¼ 3-4% and s ¼ 6%, respectively, our study has power of 87 and 100% to detect the hypothesized changes in these end-points, respectively.
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In patients with resting PAH, we anticipate recruiting 75 study participants to account for 20% attrition rate. We estimate a power of 84% to detect DRVEF decrease of 5% or more and a power of 93% to detect DRVEDV for 10% or more. These changes are relevant and correlate with clinical progression in PAH. 40 Our GEE analysis will have above 80% power to detect differences in outcomes by various risk factors ranging from 40% and above intracorrelation coefficient between 0.3 and 0.4.
Evaluating the immune dysregulation in HIV-PAH
There is increasing evidence supporting a role for inflammation in the lung and pathogenesis of PAH. 45, 46 Whereas innate immune activation in PAH has received the most attention, there are emerging data suggesting that the adaptive immune response may be important in disorders associated with alteration of vascular health. [23] [24] [25] [26] 47, 48 Baseline clinical characteristics, including rest MRI measures, CD8 cytotoxic potential (CD3þCD8þNK56þ), immune exhaustion (CD3þCD8þTim3þ), and elevated measures of dendritic cell activation (CD14loCD16hiTim3þ, Study flow with sample size. ExLT, exercise limitation; mPAP, mean pulmonary artery pressure; RHC, right heart catheterization; RVEDV, right ventricular end-diastolic volume. mPAP, mean pulmonary artery pressure.
including cytokine expression in these cells), will be analyzed and compared among study groups. Flow sorted cells from CD14loCD16hi populations will be analyzed for IFNgamma/interleukin (IL)-1, the levels of which may also predict progression to resting PAH. We will additionally test the effects of plasma nef/vpr (viral proteins which have also been implicated in the development of PH) on outcomes and relationships between immune measures and worsening right ventricular volume indices and contractile function; this will serve as a foundation to pursue further investigations into the mechanisms underlying progression in HIV-PAH.
All flow cytometry will be done with whole blood. Cells (5 Â 105) will be labeled with appropriate antibodies at 48C for 30 min. The following monoclonal antibodies (from BD Biosciences; San Jose, California, USA) will be used in this procedure: anti-CD8, anti-CD16, anti-CD14, anti-CD3, anti-CD56, anti-Tim-3 (Biolegend, San Diego, California, USA), anti-CD38, anti-CD69 and the appropriate isotype controls. After staining, cells will be washed and fixed with 1% paraformaldehyde. For intracellular IFN-gamma and IL-1 staining, cells will be fixed after staining for surface markers, then permeabilized using the BD Cytofix/Cytoperm Fixation/Permeabilization Solution Kit and stained with the appropriate antibodies. Data from at least 2 Â 104 cells in the lymphocyte gate will be collected on a FACSCalibur flow cytometer (BD Biosciences). Flow cytometry data will be analyzed using FlowJo software (Tree Star, California, USA). Analysis will initially enumerate the quantity of CD3 and CD8 gates. These will then be further analyzed according to CD56 and Tim-3 expression. CD3þCD8þ þ cells will also be analyzed using the markers CD38, CD69. To analyze the expression of Tim-3 in monocytes, CD14, CD16 cells will be analyzed according to CD14hiCD16lo, CD14hiCD16hi and CD14loCD16hi populations. These cells will be gated according to Tim-3 positivity. CD14loCD16hiTim3þ cells will be permeabilized and examined for expression of inflammatory cytokines such as IFN-gamma and IL-1.
Discussion
This study will be the first systematic, prospective, and longitudinal evaluation of exercise limitation in HIV patients measuring exercise capacity and comprehensive MR evaluation including right ventricular function, pulmonary artery pressures, and cardiopulmonary variables with longitudinal assessments and measurements of immune factors that predict progression of PAH in the HIV population. It is designed as a 'proof-of-concept' study to test the utility of an exercise CMR approach to diagnose exercise-induced alterations in PAP and right ventricular function. A novel aspect of the protocol is the incorporation of exercise CMR with CPT to understand the nature of exercise limitation in HIV (which may be multifactorial) and provide a rational basis for the recognition of unique pathophysiological entities that may contribute to dyspnea and exercise limitation. In this regard, the incorporation of CMR in the diagnosis of HIV-PAH is consistent with its increased utility in the diagnosis and surveillance of PAH, given its ability to reliably and reproducibly quantitate right ventricular function, hypertrophy, and fibrosis. Further evaluation of functional response of the right ventricle to exercise using real-time MR approaches is unique and will allow unprecedented ability to quantify exercise-induced alterations in right ventricular contractile and hemodynamic performance, a hitherto unknown aspect of right ventricular function in PAH in general and specifically for HIV-PAH. CMR is an imaging modality associated with low risks, low user-dependent variability, and high accuracy and reproducibility to assess longitudinal changes in ventricular function and may be valuable in this population. Moreover, combining ExMR with CPT allows the development of novel diagnostic algorithms that could differentiate between various causes of dyspnea in this patient population (Fig. 3 ).
An important secondary goal of this study is to understand the pathophysiologic significance of markers of immune exhaustion and activation with measures of PAH progression. HIV-specific cytotoxic lymphocytes are present in elevated numbers in the lung with increased levels of CD8 T cells, regardless of coinfection with other respiratory pathogens, in both the peripheral blood and broncho-alveolar lavage samples. 49 While it is widely recognized that HIV dysregulates multiple lymphocyte subsets with decreases in antiviral effector immune responses, there is evidence for additional reduction in cytotoxic potential of CD8þ T cells. [50] [51] [52] 53 The loss of CD8þ cytotoxic effector function may explain, in part, why HIV persists for many years, despite suppression of viremia by ART therapy. The diminished cytotoxic function of CD8 T cells, combined with paradoxically increased activation 51, 54 and increased expression of programmed death-1 (PD-1: molecule that inhibits co-stimulation), results in a state of immune unresponsiveness ('immune exhaustion') in chronically infected individuals with viral suppression. 55, 56 Moreover, HIV infection leads to accumulation of 'effector T cells' with an enhanced expression of Tim-3, another marker of immune exhaustion that is suggested to play a dual role in promoting proinflammatory responses via Toll-like receptor (TLR) signaling. 57 Therefore, a reduced, more exhausted pool of cytotoxic T cells may lead to impaired immune reconstitution, despite plasma virological suppression. Assessing the longitudinal relationship between the immune markers, viral proteins, and PAH progression may provide the foundation for future comprehensive mechanistic approaches in order to understand the complex and heterogeneous relationship between HIV and PAH involving various hemodynamic, immune, and endothelial mechanisms.
In summary, this will be the first single-center systematic prospective observational study to evaluate PAH in HIV patients that may provide new insights in to the mechanisms of dyspnea in PAH, magnitude of exercise limitations, and finally alteration of right ventricular function (including contractile reserve with exercise) and scar in patients with established PAH. By doing so, we hope to better characterize the HIV-PAH patient population and hopefully identify parameters which may predict development of resting PAH in symptomatic adults.
